This paper utilizes 10 stations of co-located seismometer, QuakeFinder/infrasound to observe co-seismic signatures triggered by the 6 February 2016 M 6.6 Meinong Earthquake. Each QuakeFinder system consists of a 3-axes induction magnetometer, an air conductivity sensor, a geophone, and temperature/relative humidity sensors. There are no obvious charges in the positive/negative ions, the temperature, and the humidity, while the magnetometer, the geophone, and infrasound data detect clear co-seismic signatures, similar to seismic waves recorded by seismometers. The magnetometers register high-frequency pulsations, like seismic waves, and superimpose with low-frequency variations, which could be caused by the magnetometer shaking/tilting and/or the underground water level change, respectively, upon the arrival of seismic waves. The spectrum centering around 2.0 Hz of the co-seismic geophone fluctuations is similar to that of the seismic waves. However, the energy of co-seismic geophone fluctuations (also magnetometer pulsations) yields an exponential decay to the distance of a station to the epicenter, while the energy of the seismic waves is inversely proportional to the square of the distance. This suggests that the mechanisms for detecting seismic waves of the QuakeFinder system and seismometers are different. In general, the geophone and magnetometer/infrasound system are useful to record high-and low-frequency seismic waves, respectively.
IntroduCtIon
Ground motions, due to earthquakes creating mechanical disturbances, trigger acoustic and/or gravity waves, termed seismo-traveling atmospheric disturbances (STADs), in the neutral atmosphere near the Earth's surface. Sometimes STADs could further travel into the ionosphere and interact with the ionized gas resulting in seismo-traveling ionospheric disturbances (STIDs) [see papers listed in Davies (1990) ]. Traditionally, seismometers (also geophones) record seismic waves monitoring the Earth's surface motion (Shearer 1999) , and infrasound systems measure atmospheric pressure changes induced by the Earth's surface motion and/or seismic waves, mainly Rayleigh waves, on the ground (Mutschlecner and Whitaker 2005; Liu et al. 2006 Liu et al. , 2010 Liu et al. , 2016a . Meanwhile, scientists report magnetic pulsations triggered by seismic waves (Iyemori et al. 1996 (Iyemori et al. , 2005 Honkura et al. 2002; Abdul Azeez et al. 2009; Widarto et al. 2009; Hao et al. 2013; Gao et al. 2014; Yen et al. 2015; Liu et al. 2016a ). However, in previous co-seismic geomagnetic variations observed in time scale of seconds were rare, because the amplitude is rather small. To detect such effects separating from the effect of magnetometer sensor oscillation, observations with high-time resolution (e.g., 1 Hz) are necessary (Iyemori et al. 1996) . Meanwhile, Liu et al. (1993) show that the amplitude of differential quantities is proportional to its oscillation angular frequency. Thus, an Terr. Atmos. Ocean. Sci., Vol. 28, No. 5, 683-692, October 2017 induction magnetometer has a better performance than a total field or a fluxgate one in detecting high-frequency/small pulsations. Note that a total field or a fluxgate magnetometer is suitable to observe long-period magnetic variations (such as magnetic storm).
To conduct the iSTEP (integrate Search for Taiwan Earthquake Precursor) project for integrate study and test earthquake precursors (Liu et al. 2016b, c) , networks of 5 infrasound systems with a sampling rate of 10 Hz and 15 QuakeFinder systems with a sampling rate of 50 Hz have been setup and operated in Taiwan since 2013. The infrasound system registers atmospheric VLF (very low frequency, the period range 0.5 -200 sec) sounds induced by the low frequency oscillation of the Earth's surface. On the other hand, each QuakeFinder system consists of a 3-axes induction magnetometer measuring magnetic pulsations, an air conductivity sensor probing positive/negative ion concentrations, a geophone detecting mechanical disturbances, and temperature and relative humidity sensors monitoring the system surroundings. Note that the QuakeFinder induction magnetometer has of the time resolution of 50 Hz, and therefore it is very sensitive and suitable for detecting coseismic magnetic signatures.
At 03:57 local time (19:57 UTC) on 6 February 2016, an earthquake with a moment magnitude of 6.6 struck in the Meinong District of Kaohsiung in Taiwan. The earthquake (22.92°N, 120.54°E) struck at a depth of around 14.6 km. This comparatively shallow depth caused more intense reverberations on the surface, and resulted in widespread damage and 117 deaths. The earthquake is the deadliest earthquake in Taiwan since the 921 earthquake in 1999. In this paper, seismograms with a sampling rate of 200 Hz of the free field strong earthquake observation network published by Center Weather Bureau (http://gdms.cwb.gov.tw/ index.php) are used as a reference. Concurrent/co-located measurements of the seismometers and QuakeFinder systems together with infrasound systems are employed to observe seismic waves and disturbances in the neutral atmosphere near the Earth's surface of the Meinong Earthquake.
ExpErIMEnt sEtup And obsErvAtIon
Since 3 out of 5 infrasound systems and 5 out of 15 QuakeFinder systems were not in full operation, measurements of 10 stations of co-located seismometers and QuakeFinders together with 2 infrasound systems are examined. The infrasound system has a sampling rate of 10 sps (sample pre second) and a sensitivity of 0.01 Pa with the frequency range 0.5 -200 sec and a dynamic range of 80 dB (Xia et al. 2011) . The sampling rate of the QuakeFinder is 50 sps. The magnetometer has the sensitivity at 1 Hz: 0.1 V nT -1 , and the noise level: 0.1 pT per root Hz at 1 Hz and 0.02 pT per root Hz at 10 Hz. The geophone has the natural frequency 4.5 ± 0.5 Hz (max tilt angle 25°) and the sensitivity of 27.0 V m -1 s -1 ± 10%. The air conductivity sensor yields the range/resolution: 1 million ions cc -1 s -1 . range and 500 ions cc -1 s -1 resolution, and the accuracy: +/-25% of reading. Table 1 lists the sampling rate and sensitivity (or range) of the QuakeFinder magnetometer and infrasound systems. Figure 1 displays locations of the Meinong Earthquake and the 10-stations of co-located seismometer and QuakeFinder/ infrasound system (for detail also see, Table 2 ).
A careful examination shows no obvious earthquake related signatures in the air conductivity, temperature and relative humidity. Therefore, we focus on measurements of the geophone and the magnetometer. co-seismic geophone fluctuations at Station D is very much dissimilar to that of the rest stations. Figure 3 displays the relative power spectrum of the co-seismic magnetic pulsations, geophone fluctuations, seismic waves, and infrasound oscillations. It can be seen that the power density of the spectra in the magnetic pulsations and/or infrasound oscillations are inversely proportional to the frequency, while the co-seismic geophone fluctuations and the seismic waves yield the spectrum peaks around 2.0 Hz. Thus, seismometers and geophones perform as high-frequency detectors, while magnetometers and infrasound systems act as lowfrequency ones for studying seismic waves.
We further examine the packet energy, which is the sum of the square of wave amplitudes over the packet, of the seismic waves and/or the co-seismic signatures of the Meinong earthquake. Figure 4 depicts the packet energy at each station versus the distance of a station to the epicenter. Results show that the packet energy of the seismic waves is inversely proportional to the square of distance, which suggests the seismic waves being from a point source (i.e., the epicenter or hypocenter). On the other hand, the packet energies recorded by the co-seismic geophone fluctuations and the co-seismic magnetic pulsations have the best fitting by exponential curves. This discrepancy might result from
(c) (f) (i) Fig. 2 . Raw data recorded by the magnetometers, the geophones, and seismometers, infrasound systems. For top to down, magnetic pulsations in nT in the N (northward, B N o ), E (eastward, B E o ), and Z (upward, B Z o ) directions, the geophone oscillations in cm/s, and the seismograms in cm s -2 in northward (a N ), eastward (a E ), and upward (a Z ), and infrasonic waves in Pa, respectively. The station locations of (a) to (j) are given in Fig. 1. (Color online only) a seismometer recording the acceleration and a geophone (magnetometer) response to the velocity (shaking/tilting) of the ground motion.
To compute the propagation speed or velocity, the arrival time of the ticking, the moment of the quantity beginning to fluctuate, and that of the packet maximum of the quantities at each station are identified. It is found at each station that the time differences among the QuakeFinder quantities of the ticking time and the packet time are generally within 1 sec. Therefore, for the QuakeFinder quantities, we can simply apply the ticking time and the packet time of the geophone fluctuations obtained at each station to compute the ticketing and the packet velocities, accordingly. To find the arrival time of the packet maximum, the packet of each quantity at the nearest station (Station A) is used as a reference, and a cross correlation of the packet between the nearest one and Fig. 3 . Power spectrum of the raw data of the magnetometers, the geophones, and seismometers, infrasound systems. The gray curves are the individual spectrum, while the heavy curves are their associated median ones. the rests is computed. When the greatest correlation value is reached, the maximum packet time is obtained. In fact, we also apply a band pass filter of 0.5 -2.5 Hz on the raw data to double check and confirm if the obtained ticking and packet times have been correctly identified (also see, Table 2 ). Note that the co-seismic signatures in Station J can be clearly identified after the filtering process (Fig. 5) . The linear fitness of the two times versus their distances shows that the velocities of the ticking and the packet are about 6.6 and 3.4 km s -1 , corresponding to the compressional P-waves and the Rayleigh waves, respectively (Fig. 6) . Note that at Station D, the ticking and the packet take much longer time than the fitted ones, respectively. Meanwhile, at Station F, the packet of the infrasound system is about 5 -15 sec later than that in the seismic waves. Although, the other infrasound system is somewhat far from Station C, B, and F, the packet time the infrasound system lags that of the fitted. Gershenzon et al. (1993) found the earthquake magnitude dependence of co-seismic geomagnetic variations for piezomagnetic, electro-kinetic, and induction (dynamo) effects. Many scientists (Honkura et al. 2002; Abdul Azeez et al. 2009; Widarto et al. 2009; Gao et al. 2014) conducted observations and simulations, and proposed mechanism to explain co-seismic magnetic pulsations. We compare our results with these studies, and find our low-frequency magnetic pulsations most likely result from motions of ground water due to seismic waves (i.e., electro-kinetic effect) observed by Abdul Azeez et al. (2009) and simulated by Ren et al. (2012 Ren et al. ( , 2015 Ren et al. ( , 2016 , while the high-frequency ones are due to shaking/tilting effects (i.e., magnetometer coil motion) reported by Widarto et al. (2009) and Gao et al. (2014) . It has been found that the co-seismic signatures of the geophone and magnetometer at CC (i.e., Chung Cheng University) are very different from those at the rest stations. This suggests the underground structure at CC being complex. We further examine co-seismic signatures of the magnetometers and the geophones at CC and KS (arbitrary choosing as a reference). Figure 7 reveals that the geophones simply recording the seismic waves last about 75 sec at two stations, while the magnetic pulsations continue upto 1200 sec, especially the z component with much larger pulsation amplitude, at CC. We examining and comparing the magnetometer data at the 10 stations find that at each station, the z component generally yields the greatest co-seismic pulsation, and the duration of co-seismic magnetic pulsations is slightly longer than that of the co-seismic geophone fluctuations, except that those at CC last upto 1200 sec. This long lasting magnetic pulsation may result from a sufficiently strong medium heterogeneity, fluid-pressure gradient [most likely ground water (Abdul Azeez et al. 2009)] , and/or a finite faulting in porous media proposed by Ren et al. (2012 Ren et al. ( , 2016 . Nevertheless, the long lasting co-seismic pulsations appearing at the CC station might be due to the ground water and underground structure around Meishan fault being complex (Yen et al. 2008; Ching et al. 2011; Wilcox et al. 2011) . By contrast, researchers (Iyemori et al. 2005; Hao et al. 2013; Yen et al. 2015; Liu et al. 2016a) observe that seismo-magnetic pulsations with much longer period (low frequency) constantly lag seismic wave pulses by about 200+ minutes, suggesting that ionospheric conductivity affects magnetic fields. Since there is almost no time lag between magnetic pulsations and seismic waves at each co-located station, the co-seismo magnetic pulsation is unlikely related to the ionospheric conductivity.
dIsCussIon
The geophone is setup in the northward direction. Therefore, the pattern of geophone fluctuations is similar to that of seismic waves, especially in the horizontal directions, at each station. The similarities in the power spectra of the co-seismic geophone fluctuations and seismograms' indicate a geophone can be used to study seismic waves. The packet energy in the geophone (also magnetometer) yields an exponential decay to the distance to the epicenter, while the energy in the seismic is inversely proportional to the square of the distance. This suggests that the mechanisms for detecting seismic waves of the QuakeFinder system and seismometers are different. The greatest differences in the computed and the fitted ticking/packet arrival times and the most different wave packets of all the quantities appear at Station D [Chung Cheng University (23.57°N, 120.48°E)], which suggests the underground structure and electromagnetic properties over the region being rather complex.
The infrasound system has the sensitivity of 0.01 Pa with the frequency range 0.005 -2.0 Hz (period of 0.5 -200 sec). Figure 3 shows that the system is suitable to detect long-period oscillations. The sample rate of the system 1.0 Hz has been changed to 10 Hz, when it was setup in Taiwan. Figure 5 reveals that clear filtered co-seismo infrasound oscillations. It can be seen that the co-seismo infrasound oscillations lag the co-located seismic waves by about 5 -15 sec (see Stations C and F, also Fig. 6 ). Liu et al. (2016a) study the vertical propagation of disturbances triggered by seismic waves of the 11 March 2011 M 9.0 Tohoku earthquake over Taiwan. However, they find that there is no time lag between co-seismic infrasound fluctuations and the colocated seismic waves. They further observe that the STADs of co-seismic infrasound fluctuations can further vertically travel into the ionosphere and interact with the ionized gas, which result in changes of the magnetic field, the Doppler shift, and the total electron content (TEC) in about 400+, 500+, and 800+ sec delay, respectively during the Tohoku Earthquake. The discrepancy of with and without time delay between seismic waves and co-seismic infrasound oscillations might result from the former being near and the latter being far away from the epicenter. For a long distance (for example, Tohoku to Taiwan), seismic waves can disperse and simultaneously disturb a large area of the Earth's surface, which acts a plane source vertically pumping the atmosphere and launching STADs into the upper atmosphere and then the ionosphere. In contrast, for a short distance of the stations to the Meinong epicenter, the seismic wave packet quickly decays as a point source (Fig. 4) . Thus, vertical motions of Earth's surface over the station area (Fig. 1) are not simultaneous and/or coherent, which cannot efficiently disturb and/or pump the near Earth's surface atmosphere. In fact, we find no obvious changes of the magnetic field, the Doppler shift, and the TEC in 400+, 500+, and 800+ sec after the Meinong Earthquake. On the other hand, Liu et al. (2010) observe STIDs of the GPS TEC triggered by the 21 September 1999 M 7.6 Chi-Chi Earthquake. It might be that the STADs of the Meinong Earthquake are much smaller than those of the Chi-Chi Earthquake to induce STADs.
suMMAry And ConCLusIon
In this study, we show that induction magnetometers, geophones, and even infrasound systems with high sampling rate can easily detect co-seismic signatures. During the Meinong Earthquake, the co-seismic magnetic pulsations most likely result from electro-kinetic effects due to motions of ground water disturbed by seismic waves and shaking/tilting effects caused by magnetometer coil motions. The 150 -300 (even 1200 sec) long lasting co-seismic pulsations also suggest the ground water being essential. The co-seismic infrasound oscillations lagging co-located seismic waves by about 5 -15 sec that might be due to the study large area not disturbing the near Earth's surface atmosphere simultaneously and coherently during the Meinong Earthquake.
